Atomic layer deposition (ALD) has been used to apply continuous Pt films on powders of the solid acid CsH 2 PO 4 (CDP), in turn, used in the preparation of cathodes in solid acid fuel cells (SAFCs).
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Introduction
Solid acid fuel cells (SAFCs) are a relatively new class of fuel cells which employ the proton conductor cesium dihydrogen phosphate (CsH 2 PO 4 or CDP) as the electrolyte. This material undergoes a transition to a superprotonic phase at 228 °C, at which the conductivity rises by several orders of magnitude to ~ 10 -2 S/cm. [1] The behaviour has enabled fuel cell operation at ~ 250 °C. [2] Like other fuel cells, SAFCs offer the benefits of clean, quiet, and M A N U S C R I P T
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3 efficient conversion of chemical fuels to electricity. Beyond these typical fuel cell characteristics, SAFCs offer advantages as a consequence of operation at an intermediate temperature.
Specifically, at 250 °C electrocatalysis rates are high in comparison to those under ambient conditions, resulting in a high tolerance for typical fuel impurities such as CO and H 2 S, while relatively inexpensive materials can be utilized as auxiliary components. Despite these features, widespread adoption of SAFCs remains elusive, largely because of poor performance characteristics of the cathode. Achieving acceptable SAFC power outputs (i.e., peak power densities approaching 200 mW/cm 2 ) [3] has required high Pt loadings, on the order of 2 mg/cm 2 , [4] and cathode microstructural evolution has been implicated in cell degradation. [3, 4] In turn, these factors imply system costs in excess of the $1000/kW target typically quoted for entry into early commercial markets.
The first studies of SAFCs employed mechanical mixtures of ionic (the electrolyte) and electronic (Pt black and Pt on carbon) components. [5, 6] While essential at that time for demonstrating proof-of-concept with an easily fabricated cell, the approach resulted in excessive Pt loadings, ranging from 8 to 18 mg/cm 2 in the cathode alone. A breakthrough in electrode processing was realized by Papandrew and colleagues, who recognized that Pt connectivity and utilization in SAFC cathodes could be dramatically enhanced by application of a thin film of Pt onto fine CDP particles. [4] These coated particles (Pt@CDP) were then lightly pressed to generate a porous structure with an interconnected electronic conduction pathway. The architecture benefitted not only from the reduced Pt loading, but also from the absence of any form of carbon, which can otherwise react with oxygen and result in cell degradation. [7] Application of the Pt coating was pursued by these authors using an atypical MOCVD (metal organic chemical vapor deposition) strategy in which platinum acetylacetonate (Pt(acac) 2 ), the Pt
precursor, was simply milled together with CDP, and the mixture heat-treated at a temperature high enough to induce vaporization of the precursor and its decomposition on the CDP surface.
The procedure generated a thin Pt coating onto the CDP particles, the approximate thickness of which was controlled simply by controlling the relative amounts of Pt(acac) 2 and CDP. While attractive in terms of low cost and ease of implementation, such an approach does not lend itself to precise control of Pt morphology. In turn, this suggests challenges in tuning the process for optimal Pt utilization and in using such structures for elucidating the critical factors determining the oxygen reduction rate. Furthermore, degradation of the cathode created by this process was noted as a remaining challenge. [4] Atomic layer deposition (ALD) has emerged as a remarkable process for deposition of conformal films of a wide variety of materials on an equally wide variety substrates. [8] The selflimiting adsorption behaviour of the reactants used in the process affords exquisite control of film thickness. While preparation of metallic films by ALD is less developed than that of oxides, several reports of Pt growth appear in the literature, [9] suggesting its suitability as a method for obtaining Pt coated CDP. These prior studies use as the metal precursor either (Pt(acac) 2 ) or (methylcyclopentadienyl)trimethylplatinum (MeCpPtMe 3 ), and as the oxidant, either O 2 , oxygen plasma, or O 3 (ozone). [10, 11] Here we select MeCpPtMe 3 and ozone for Pt deposition on CDP because growth temperatures as low as 100 °C with growth rates on the order of 0.45 Å/cycle have been demonstrated for this combination. [11] These conditions are compatible with CDP, which unless held under high steam partial pressures, undergoes a slow and highly detrimental dehydration/decomposition reaction at temperatures above ~150 °C. [12] We examine the impact of varying the number of ALD cycles on both deposition characteristics and fuel cell polarization behaviour.
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Experimental Procedures
ALD of Pt on CDP
Powders of CDP with specific surface area of 2.4 m 2 /g were prepared in-house by aqueous routes using cesium carbonate (Alfa Aesar, 99.9%) and phosphoric acid (Fisher Scientific, 85%) as the starting materials. [4] ALD preparations were carried out using a pulse type Savannah 100 reactor (Cambridge Nanotech, Inc.) with 80 mg of CDP powders loaded into the reactor for each deposition. Prior to the delivery of reactant gases, the CDP was vacuum heattreated for 30 min at 150 °C to remove any physisorbed water. The CDP powder was then held at 150 °C for the subsequent deposition. The solid platinum precursor was pulsed at a temperature of 75 °C, using ultra-high purity nitrogen as the carrier, which also served as the purge gas. Each 
Physical characterization
The quantity of Pt deposited onto the CDP powders was determined using Inductively The surface morphology of the CDP powders before and after Pt coating was examined by field-emission scanning electron microscopy (FE-SEM; Hitachi SU8030 and Hitachi S-4800).
In some cases, for direct visualization of the morphology of the Pt layer, the underlying CDP was dissolved away in water. The residual Pt films so obtained were imaged by FE-SEM (as above)
and/or by transmission electron microscopy (TEM; Hitachi HD2300 and Hitachi H8100). The
Pt@CDP powders were further characterized by X-ray diffraction (XRD; D/MAX Ultima, Rigaku) using Cu Kα radiation at a scan rate of 5°/min. Diffraction data were collected from both as-prepared powders and powders extracted from fuel cell cathodes after prolonged electrochemical measurements.
Fuel cell preparation and electrochemical characterization
Anode-supported electrochemical cells, 1.9 cm in diameter, were prepared using the Pt@CDP powders in the cathode following procedures similar to those described elsewhere. [4, 6] In brief, the anode electrocatalyst layer is 25 mg of a mixture of Complete fuel cells were prepared by spreading between 33 and 50 mg of the cathode powder over the entire area of a half-cell, and then applying a top layer of carbon paper (TGP-H-120
Toray paper) to serve as a gas diffusion layer and cathode-side current collector. The entire structure was lightly pressed to adhere the layers to one another without closing the electrode porosity. Pt loadings in the cathode ranged from 0.1 to 4.1 mg/cm 2 , as described below.
For electrochemical characterization, cells were sealed into an in-house constructed fuel cell test station. [6] Fuel cell polarization curves and impedance spectra were collected at 250 °C after thermal equilibration. Cathode and anode were respectively supplied with humidified Figure S1 ).
Results and Discussion
Deposition of Pt on CDP powders was successfully achieved, with amounts ranging from 0.6 to 30 wt% Pt for the range of cycle numbers utilized (100 -450), Figure 1 . The Pt yield, a comparison of the quantity of Pt supplied to the system to the quantity deposited on the powder, is below 1% (ranging from ~ 0.5% for Pt-100 to ~ 0.8% for Pt-300). The Pt growth was found to 
Conclusions
Growth of Pt by atomic layer deposition on CsH 2 PO 4 was achieved using 
